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Electronic structure of acetylene on S{111)-7x 7: X-ray photoelectron
and x-ray absorption spectroscopy
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The electronic structure of acetylene adsorbed at room temperature on Si(XT71)#g thermal stability,
and its reactivity in the presence of a silicon flux have been studied by synchrotron radiation x-ray photoemis-
sion of valence bands and core-levilsls, Si2p) and x-ray absorption spectroscof@yK edge. We observe
that the electronic occupancy of both adatoms and restatoms is modified by the adsorption process. The
alignment of the C-C molecular axis by the chemisorption bond leads to a strong polarization dependence of
the CK-edge spectra. The orientation of the C-C molecular axis is then determined to be nearly parallel to the
surface plane and the bonding of @ditype. Annealing sequences of an acetylene-saturated sufpd® a
maximum temperature of 955)Kinduce strong changes in the electronic structure of both molecule and
substrate. There are hints of molecule/molecule reactions involving the in-plaénad. We observe also the
penetration of atomic carbon into the surface silicon layers, which in turn induces changes in the electronic
structure of the silicon surface atoms. In the case of an exposure of an acetylene predosed surface to a silicon
flux at 300 K, the molecule floats over the growing silicon layer, maintaining @ loinding, as the in-plane
7 bond does not interact with incoming silicon§0163-18208)01311-3

[. INTRODUCTION and thus to a nondissociative adsorption process. The vibra-
tional mode seen at 1150 crhwas attributed to C-C stretch-
Since about a decade the adsorption of acetylene on siling. Because the C-C single bond stretching mode has a typi-
con surfaces [Si(111)-7x7.1? .Si(lll)-2>§ 12 and cal value of 1100 cm® for the free ethane molecule,
Si(001)-2<1 (Refs. 4-6] has received a continuous atten- Yoshinobu and co-workers considered that the acetylene
tion. Indeed this simple unsaturated hydrocarbon molecule iiple bond was rehybridized after adsorption to a state be-
a promising carbon sogjrce for the homoepitaxial growth ofyweensp® andsp? (di-o bonding. The same groupfound
3C-SiC on 3C-Si(DO1)," or its heteroepitaxial growth on a i 4 vibrational mode at 1090 ¢y after adsorption of
vicinal Si(001) surfacé at temperatures below 1000 °C. But acetylene on Si(001)-21, and interpreted the data as in
the interest is also of scientific order: the bonding of Ref. 1, although the adsorption sites arepriori very dis-

bonded hydrocarbon molecules on a reconstructed SEMICO/milar on each surface. Indeed there is no consensus for the

ductor surface is priori different from its bonding on metal iriterpretation of HREELS data. More recently Huastcal,®

surfaces, on which their adsorption has been studied in grea . . .
detail? essentially because covalent surfaces undergo a coﬁ-Udylng the gdsorpnon_ of acetylene on S'(O.O]X']Z chal-
siderable reconstruction, so that adsorption of molecules magnged the mterpretgﬂon made by Yoshinobu and  co-
alter to a great extent. Hence the determination of adsorptio orkers._l They attributed an  energy-loss peak at
geometry on semiconductor surfaces may be not easy. 1450 cm —_Whlch remained until now ur_lobserved—to the
To our knowledge the adsorbedHs/Si(111)-7X 7 sys- C-C stretching mode, that would be the signature of a carbon
tem (at 300 K was the matter of only two experimental rehybridization to asp?® state. The controversy has not
works, based on high-resolution electron energy loss spe€eased yet: Cheet al.® studying the GH,/Si(001)-2x1
troscopy (HREELS and scanning tunneling microscopy System, attribute, as Yoshinobu and co-workers, the
(STM). The HREELS experiment of Yoshinobet all 1090 cm ! mode to the C-C stretching mode.
pointed to the absence of characteristic Si-H vibration modes The STM work carried out by Yoshinobet al? on the
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structural determination of acetylene on Si(111¥-7,
which has been investigated until now essentially by vibra-
tional spectroscopy. The present work, based on a study of
the electronic structure of the adsorbated substrate sys-
tem, is therefore an original contribution to the issue. Indeed,
we have monitored the changes in the electronic structure
induced by the adsorption process combining synchrotron
radiation x-ray photoemission spectroscd®RXPS of va-
lence bands and of core level§ 1s and Si 2) and x-ray
absorption spectroscopyXAS) at the C K edge—also
termed near-edge x-ray absorption fine-strucfiNEXAFS)
spectroscopy. On the one hand, SRXPS, performed in con-
ditions of high surface sensitivity, is a powerful technique to
Come,Hole_J follow the evolution of the surface silicon states and the
bond formatio®® between Si and the C adsorbates. On the
FIG. 1. (a) Top view and(b) side view of the DAS model of the ther hand, Star, in his recent comprehensive book on
Si(111)-7x 7 surface. Each unit cell contains 12 adatoms, 6 restaNEXAFS 16 has illustrated the ability of the technique to
toms, and one corner hole. Each adatom is bonded to three pedesfpliact the presence of specific bonds in the moledles,

atoms. The deeper atoms are indicated as solid dots. The left tr _ ;
) . ) X . -C, C=C, C=C, and C-H bondsa -
angle subunit shows a stacking fauit)( The right triangle is un- Elrcorientcation C, and C-H bo nd to derive the molecu

faulted U). A molecule bridging a restatom and an adatom is also The goal of this study was to determine the electronic

drawn (Yoshinobu's modg| structure of the molecule adsorbed at room temperature, its
thermal stability and its reactivity in the presence of a silicon
adsorption of acetylene on Si(111)<7 has shown that the flux. We have evidenced that the occupancy of both adatoms
electronic occupancy of the adatoitfisr a schematic picture and restatoms electronic levels is modified by the adsorption
of the “dimer-adatom-stackingDAS) fault” model'® see  process. The bonding of the molecule to the surface is of
Fig. 1) varies upon GH, adsorption. It is also shown that the di-o type, with the C-C axis lying nearly parallel to the sur-
reactivity of adatoms in the faulted subunit is larger than thaface. We also discuss the consequences of a possile
of those in the unfaulted one. Restatoms are not visible in thbybridization of the carbon atoms, proposed by Yoshinobu
topographic images and their occupation is not probed bynd co-workers. The heating of an acetylene-saturated sur-
scanning tunneling spectroscopy. Yoshinobu and co-worker&ice between 300 and 955 K, leads to strong changes in the
proposed again that ,8, is di-c bonded: the molecule electronic structure of both molecule and substrate. We find
would bridge two neighboring atoms bearing danglinghints for unexpected molecule/molecule reactigmslymer-
bonds, i.e., a corner adatom and a restatom or a center adaation, graphitization, etg. related to the peculiar role
tom and a restatom, whose direct distances are 4.57 and 4.pyed by thes orbital contained in the sample surface
A, respectively. Such a modétienoted now Yoshinobu’s plane. We evidence also the penetration of C into the surface
mode) leads to a saturation coverage of 1 molecule/restatorsilicon layers, which in turn induces the formation of new
(that is, 0.245 ML of carbon only half the adatoms are silicon surface states. In the case of an exposure of an acety-
involved in the bonding. We note that such a bridge site ha¢ene predosed surface to a silicon flux at 300 K, we observe
already been proposed by Piancastetlal!! in their STM  that the in-plane %" orbital does not open to bond with
study of the adsorption of ethylene on Si. incoming Si atoms: the molecule floats over the growing
It is clear that the envisaged biradical sites for acetylenesilicon layer maintaining a dir bonding.
adsorption on the Si(111)>¢7 surface, present a Si-Si dis-
tance much larger than the corresponding ones on Il. EXPERIMENT
Si(00)2x1. On the latter surface the molecule can bridge
either two dimerized S{Si-Si distance around 2.5)%or a

(a)

A. Clean surface preparation and exposure to acetylene

cleaved Si dimerSi-Si distance around 3.8)ATheoretical The Si samples are prepared in the ultrahigh-vacuum
workst?!3 favor the adsorption, onncleavedSi-Si dimers, (UHV) analyzing chamber whose base pressure is
of a molecule distorted to an ethylenelikg? configuration ~ ~10 ° Torr. The samplga phosphorus-doped silicon wa-

(C-C distances in the range of 1.33—1.35 f view of the  fer, of resistivity 0.002—0.00%) cm) is heated by the Joule
much larger bridging distance on Si(111)<7 with respect effect: then temperature measurements are made by infrared
to that of Si(001)-2 1, one could expect either the C-C pyrometry. The silicon wafer is cleaned of its silica protec-
elongation to be greater gqii11) than on(001), or a strong tive layer by heating at-1520 K, in order to minimize SiC
modification of the &7 reconstruction to occur upon ad- contaminatiort” The surface cleanliness is checked by the
sorption(e.g., a displacement of adatomA semiempirical  intensity of the Si p core-level surface state, by a survey of
quantum chemical stud$ of acetylene reaction with the the C 1s region, and by the sharpness of the low-energy
“ideal” Si(111)-1x1 surface suggests that sizeable rear-electron diffraction(LEED) patterns.
rangement of the surface occurs, as Si-Si bonds are weak- Then the silicon surface is exposed to acetylene in the
ened or even broken, due to the strain induced by Si-C bondnalysis chamber itself, under pressures in the range
formation. 107%-2.5< 10 ® Torr. We use 99%-enriched,D, gas pur-
Consequently many unsolved questions remain about thehased from Eurisotop-CEA without further purification.
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While the gas is introduced through a leak valve, the cry- The zero binding energy is taken at the leading edge of
opump is isolated, and the chamber is evacuated by a turbthe Si(111)-X7 adatom surface state@he surface is
molecular pump. Acetylene pressureB feyiend are mea- metallic®). The bulk silicon Si D5, line is then found at
sured with an ionization gauge the reading of which was99.40+0.05eV and the adsorbed molecule G line at
corrected by a sensitivity factor of (#he sensitivity factor is 284.0+0.1 eV.

1 for N,). Exposures to the gas are given in Langmliy
units: 1 L corresponds to an exposure of $0rorr s.

The in-situ exposure of the sample surface to a silicon )
flux was realized using an OMICRON EFM3 evaporator fit- C K-edge measurements are taken at different angles be-
ted with an integrated flux monitor, which allows a precisefween the normal to the sample surface and the polarization
evaporation rate adjustment and control. The calibration o¥ector of the radiation, in the range from=90° (normal
the cell has been made in a separate UHV chamber, by deptiicidence to §=10° (grazing incidence The absorption
sition of various Si amounts on a carbon substrate and theWas determined by collecting the total electron yield from
subsequent measurement by Rutherford backscattering spdfe sample as a function of the photon energy. The detection
trometry (RBS). The flux rate is 3.810% Siatoms/ consists of collecting electrons from the sample on an elec-
cné/mn, with an absolute precision of 20%, essentially —tron multiplier (dynods. The x-ray beam after the mono-
due to the uncertainties in the measurement of the distanc@romator goes through a metal grid, which can serve as
between the Si evaporant and target in both UHV chambergeference monitor. However because of C containing adsor-
Deposited Si amounts are given in ML units: 1 ML corre- bates on the grid, having their own XAS spectra in the range
sponds to 7.8 101 atoms/cr. of interest, we follow a normalization procedure already pro-

posed by Stor?° We divide the spectrum of surfagsus
adsorbate by the spectrum of the clean surface alone. Indeed,
B. X-ray photoemission the absorption features of the grid are useful energy refer-
nces to check any shift from one measurement to another.
he absolute energy precision is estimated-10.2 eV.

C. X-ray absorption spectroscopy

Photoelectron energy distribution curves are measured f
valence bands VB’s Si2 and C Is core levels with mono-
chromatic synchrotron radiation and a partially angle-
integrating electrostatic electron energy analyZeiBER . RESULTS AND DISCUSSION
MAC2). The linear polarization of the synchrotron radiation
E is at 40° with respect to the axis of the cylindrical electron
analyzer, defining an horizontal scattering plane. The sample
surface is put in the common focus of the light beam and of We begin this section by examining how the surface
the analyzer entrance lens and can be oriented about the vestates of the Si g core-level and valence-banB) lines
tical axis through the photoemission spot. The sample sur‘feel” the adsorption of the acetylene molecule at room
face normal is always parallel to the analyzer axis and théemperature(Fig. 2). As the exposure increases one sees
light polarization vector is contained in tli#10) plane of the [Fig. 2(@)] that the intensity of the Sif2 line, attributed to
Si(111) surface. The light source is the linear undulatorthe restatomé (RA’s) and situated at-0.75 eV from the
DOMINO of beam line SU7 of the SuperACO storage ring. bulk silicon one, gradually decreases with increasing expo-
The undulator radiation is monochromatized by a 10-m torsure. We do not observed any shift of the bulk silicon line
oidal grating monochromator covering the 130—800 eV phodarger than 0.05 eV upon acetylene adsorption. From an ex-
ton range. Photons of energy 145 eV are used to excite the $bsure of~3000 L all the restatoms are quenched. Parallel
2p core level of binding energ¢BE) around 99 eV, in con- to changes in the Si2spectra, the two surface states of the
ditions of maximum surface sensitiviffor photoelectrons of VB [Fig. 2(b)], attributed!® respectively, to the RA, at
kinetic energy around-45 eV an escape depth of about 3.5 ~0.8 eV, and to the adatom#&D’s), at the Fermi level,

A is estimatedf]. The C s spectra(BE around 284 eYare disappear in a concerted manAefThis means that both re-
recorded ahv=2330 eV, so that the kinetic energy of the C statoms and adatoms participate to the bonding with the mol-
1s photoelectrons equals that of the S photoelectrons. ecule. STM(Ref. 2 has already evidenced that the electronic
Valence bands are also measured at 145 eV. structure of the adatoms is modified after acetylene adsorp-

In order to improve the resolution of the various compo-tion. The LEED patterngnot shown indicate that adatom
nents that contribute to the Sip2spectra, the procedure positions are also changed by the chemisorption process. In-
given in Ref. 15 is followed. The background is first sub-deed after saturation of the surface, nonintegral spots disap-
tracted. Then the loyy component of the Sif2;, 3,doublet  pear, except the six nearest spots around an integral spot
is removed, mathematicalligssuming identical shapes for [with coordinates p+k,q+1) wherep,q are integral num-
the two componeniswith a branching ratio @,,,:2ps, of  bers andk=0,=1/7 andl=0,=1/7], which remain strong,

0.5 (the statistical ratipand a spin-orbit splitting of 0.6 eV. and those spots distributed on the lines joining the 11

In order to fit the Si P4, spectra, each chemical state is spots. This can be interpreted—as for the chemisorption of
represented by a Gaussian convoluted by a Lorentzian of 0.dtomic H(Ref. 23—in terms of a rearrangement of the ada-
eV full width at half-maximum(FWHM). [The broader C4  toms on each triangular subunit of the DAS cell, leaving
spectra are simply fitted by sums of pure Gaussian compainaffected the corner holes and dimer walls in order to main-
nents] In the least-square fitting routine, we fix the Gaussiantain the 7< periodicity. However, the role of the restatoms,
FWHM for each chemical state and in most cases BE posiwhich escaped to the previous STM measurement, is here
tions are free parameters. clearly evidenced by photoemission. A new Si;2 struc-

A. Adsorption at 300 K: Electronic structure
and orientational order
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FIG. 2. (a) Si 2py;3 core level and(b) valence-band spectra,
measured ahv=145¢eV, of a Si(111)-X 7 surface exposed to 16
increasing doses of acetylene at 300 Byfeyiens 10°© Torr).

12
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ture, weak but measurable, grows at a binding energy higher
than that of bulk Si, by~ +0.85 eV. This line is attributed to
the formation of a bond between a Si radical and the mol-
ecule.

A typical XPS C Is spectrum obtained after an exposure
of 4500 L at 300 K is presented in Fig. 3. The “clean”
surface background—which contains a small contribution
from SiC particles remaining even after repeated thermal
cleanings at 1520 K—is subtracted to the moleqlies sur-
face spectrum. The resulting curve is fitted by only one
Gaussian peak of FWHM-1.44 eV centered at 284 eV.
This suggests the existence of only one kind of chemical
bonding for the carbon atoms, and thus of only one bonding
site. Taking a work functiorp of 4.55 eV(the clean surface
value, see Ref. 15 and references therdie ionization po-
tential IP of the adsorbed molecule-s288.6 eV,~2.5 eV LTI
smaller than the IP’s of free acetylef@291.1 eV, free eth- 280 285 290 295
ylene(290.8 eV} or free ethan€290.7 eV\}.2* The decrease in Photon Energy (eV)

IP, passing from the free molecule to the adsorbed molecule, FIG. 4. (
is indeed accounted for by a bonding shiflue to a net
charge transfer between substrate and molédutad a re- 6=90° (E parallel to the surface plahand = 10° (E close to the
laxation shift. normal to the surface planeThe curves are normalized to an equal

The XAS CK-edge spectra of a surface exposed to 298Gjymp” before the absorption edgé275 eV) and~80 eV after.(b)

L at 300 K is shown in Fig. 4. The dipole selection rules The near-edge region far=90° and 10%the position of XPS C &
imply that the molecular orbitalMO) final state has @ s indicated. In inset we plot the intensity of peak; as a function
orbital component. The resonance intensity associated with éf sir? ¢ (additional data taken at angles between 10° and 90° are
specific MO final state is largest if tHe vector points in the  given).
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2980 L (Pgcetylene 10" © Torr) of acetylene at 300 K, measured at
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FIG. 5. Schematic orbital energy level correlation diagram of & dended acetylene. For the linear molecule eath* level is doubly
degenerate. However, for a distorted acetylgfioesimplicity ethylenelikewith C,, symmetry the degeneracy is lifted. In-plang, and }'
are not much affected by the distortion and do not interact with Si orbitals. On the other hand, the bonding and antibendiodpitals
interact with Sip, orbitals (forming a surface bandThe occupiedr, orbital hybridizes with Sp,: the antibonding level £, -Si p,)* is
pushed up in energy abo® and the electrons are dropped to the substf@enation”). The n} orbital decreases in energy to a position
where it can hybridize strongly with i, orbitals. The resulting bonding levelr{ -Si p,) can be filled by electrons coming from the
substrate“backdonation”), while the antibonding onex(} -Si p,)* passes oveEr. PeakX; and peakx, are attributed to §— =} and
1s—(w}-Sipy* transitions, respectivelithe antibonding level £, -Si p,)* having mainly Sip, characte}.

direction of that MO, and the intensity vanishegifis per-
pendicular to the direction of that orbit.

spect to the surface plane, and hence of a molecule bridging
a restatom and an adatofihidatoms are abdul A upward

Let us first examine the peaks that appear below IP, i.ewith respect to restaton8:the C-C molecular axis would

the bound states. At normal x-ray incider(@e=90°, E par-

then be tilted by~13° with respect to the surface plane, if

allel to the surfackg the GD, dosed surface exhibits a strong the Si/C-C Si structure has equal SiCC angles and equal Si-C

*

(#=10°, E close to the normal to the sample surfacee

m* resonance at 283.9 elpeakX;). At grazing incidence pond lengthd. In the inset of Fig. 4, we report the plot of

peak X, intensity—obtained after subtraction of a step at

observes distinctively another™ resonance at 284.9 eV E_ taken at 284 eV, the position of the G BE peak—as
(peakXy) while the peakX; intensity weakens. The angular g function of siR 6. It should be a straight line passing

dependence of the twa™ resonances is explained as fol- o,

lows. If the molecule lies down on the surface, anerbital

gh zero if therf orbital was strictly oriented parallel to
the surfacé® The discrepancyat grazing incidengemay

of acetyleng” "), parallel to the surface, interacts weakly come in part from uncertainties in measuring the intensity, in

with the substrate, while the other offéw, ") is perpen-

relation with Fermi-level step positioning and subtraction,

dicular to the surface and hence can rehybridize with Si radip ;¢ jt may also arise from the distortion of the molecule that
cals. A schematic orbital energy level correlation diagram,yq g adopt a symmetry still lower than that of “ethylenic”

inspired by Hoffmann’s approathto the problem of mo-
lecular bonding on a surface, is given in Fig. 5. P&akwill

correspond to a d—m transiton and X, to a
1s—(w7-Sip,)*, where @7-Sip,)* is the antibonding
level resulting from the mixing of Sp, orbitals(in the cho-

distorted molecule, where the C hybridization would then be
close tosp® as suggested by HREELS data.

Broad structures are also observed above IP. A prominent
one, denoted in Fig. 4, is found around 291 eV. Its inten-
sity strongly decreases f@r=10°, that is wherk is nearly

sen coordinate systerr,andy define the surface plane, and perpendicular to the CC axis of molecules lying down on the

z is normal to i} with the =7 orbital. We attribute peak’

surface. This suggests that pealks related to transitions of

situated at~287 eV to a C-H resonance, in analogy with 1s electrons intar* orbitals. We shall not make any attempt
the CK-edge spectra of ethane, ethylene, and acetylene ate deduce a carbon-carbon distance from the energy position

sorbed on noble metals compiled by &té®

of peakZ using the empirical method termed “bond lengths

These are the major trends. However, a careful examinawith a ruler.” *? for the following reasons. As indicated by

tion of Fig. 4 shows that, at normal incidencg=<90°), the

intensity of structureX,, is not strictly zero. This is not

surprising, if one considers that the @-like part of

Piancastelliet al. in the K-shell absorption spectra of the

dicarbons, the attribution of structures above IP is far from
being unambiguous, as multielectron transitions as well as

(77-Sipy)* is certainly not exactly perpendicular to the o* shape resonances can be observed; moreover, the corre-

C-C axis[see the antibondinly, orbital of C,H, di-o bonded
to P{111)].2° That is why a residuaX, intensity atd=90° is

not a definite proof a slight tilting of the C-C axis with re- criticism:.

lation between the energy position o4 resonance and the

bond length,taken as a single variabjeis also open to
33,34
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FIG. 6. Experimental Si By, core level(dotg of a surface
previously exposed to 3600 L of acetylene at 300 R.&iyiene
=10"° Torr) and submitted to isochronal annealings 1 mn
each. The corresponding fit¢solid curve$ are also given. The
Gaussian FWHM is 0.48 eV for compone@sRA,A; A,,S,,S,,
0.79 eV for G, and 1.0 eV for G (the Lorentzian FWHM is 0.1 eV
for all components

B. Thermal behavior of chemisorbed acetylene

The thermal stability of acetylene on Si(111)x7 is
studied by performing successive isochroffaimn) anneal-
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FIG. 7. C s core-level spectra of a surface previously exposed
to 3600 L of acetylene at 300 K and submitted to isochronal an-
nealings(of 1 mn each The FWHM of each fitting component is
given between brackets.

6) is fitted by a bulk line B) and by three other components,
attributed to surface or near surface atoththe RA line at
—0.78 eV, and two linesA; andA, situated at+0.33 and
+0.9 eV fromB, respectivelyA; is a mere help for curve
fitting, as it contains various unresolved contributions, in-
cluded that of the adatoma;, has not received yet a definite
attribution?®> As discussed before the essential conse-
quence of @D, adsorption at room temperature is the
guenching of the RA line. Upon annealing in the 675—850 K
temperature range, component; Cgrows at +0.90
+0.04 eV from B, while an A; line centered at 0.36
+0.03 eV fromB is still necessary to obtain a good fit. After
the 850 K annealing step, a weak broad ling & +1.95 eV
from B must also be added. At 755 K and above two com-
ponents, $and S (at —0.3 and—0.75 eV fromB, respec-
tively) have to be introduced to fit the low BE side of the
bulk line. At 955 K, a drastic change occurs in the spectral
weight as the Si B3, spectrum ressembles that of a clean
surface: in particular, the Gcomponent is strongly reduced
(C, is even eliminatedand S increases. The relative spec-
tral weights of components;CS,;, S, as a function of tem-
perature are reported in Fig(eé8. The S line very likely
corresponds to the restatom line, because its binding energy
is the same as that of the RA line of the clean surface, and
because its weight after the 955 K annealing step is 7.5% of

ing of a surface previously exposed to 3600 L of acetylene athe total spectral weight, close to 6—7 % measured for clean-

room temperature. The XPS core-level spe¢Ba2p and C

surface RA. Consequently, RA dangling bonds reappear on

1s) and XAS CK-edge spectra are recorded at room tem-the surface from temperatures around 750 K.

perature after each annealing step.

However, it is more difficult to give a definite assignment

The Si 203, and C s spectra are given in Figs. 6 and 7, to the other lines ¢ C,, and . Studying the thermal sta-

respectively. The Si @5, spectrum of the clean surfaceig.

bility of adamantane on Si(111)>/7 at 525 K, Simons
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20 T T T T T T T eV) components, respectively, and the sum of both. The
- —e—C (+09eV) ] HBE component can be reasonably attributed to adsorbed
ji: 15 [ ji_fgl((_g%ee‘(}) C;D,, decomposed Dy (x<2), or pure C compounds. Be-
. 2 cause of the difference in electronegativity between Si and C,
; 10 L the LBE component is attributed to atomic C having Si first
£ r neighbors® If one considers the behavior of the overall € 1
%N sE intensity (total), we observe a-15% loss after the 675 K
ot annealing step. Then for the successive steps the tota C 1
& r intensity decreases strongly: after the 955 K step, it is only
- Rl UL S S A 1/5th of the initial value.
2 r However, we observe that the G 1LBE component in-
2. e — (b) - tensity is constant in the 755—850 K temperature range, like
<08k E the G component of the Sis, level. The kinetic energy of
Zosk e ILII;’EE ~ 3 both C 1s and Si 2 photoelectrons is the same-@6 eV),
§ _ — + -Total |:|\ ] and such is the probed depth. Identifying the LBE compo-
2 04 s e \ N nent of C Is at 282.7 eV with the €component of Si B3,
g 02F . \e®\§ E at 100.1 eV, the energy distance, independent of any energy
T, P g 3 reference, is~182.6 eV, a value compatible with those

PN R INEPI GPANFITS AP ST AP EPITErE SIS S
200 300 400 500 600 700 800 900 1000

Cls (hv

found for Si_,C, (x<1) thin films on Si: this energy dis-
tance decreases from 182.7 to 182.3 eV with increaging
Annealing Temperature (K) according to Ref. 38. The distance between thesCLBE

o . component and Si &, component C1 is further reduced to
FIG. 8. (a) Variations of the Si P3;, componentsCy, S, and 185 5 eV after the 955 K step. This could correspond to the
%%C?%i(g)f tor:etginia]ﬁngotr;%%gf;:jr"e'%’ LBE, and total as @ ¢, mation of 3C-SiC precipitates, and the reduced FWHM
) (see Fig. 7 of this LBE C 1s component would manifest
et al%® have fitted their Si P spectra with three components their more chemically ordered structure.
at +0.48 eV, +0.98 and+ 1.48 eV from the bulk line, at- If the C 1s spectra give valuable informations on the for-
tributed to a Si atom having an increasing number of morénation of silicon-carbon compounds, through the appearance
e|ectr0negative C ||gana% around it (from one to threg of the LBE component, little can be said about the nature of
However, the interpretation of the chemical shifts of siliconthe carbon compounds, resulting from the molecule decom-
with carbon seems to be more complicated that this simpl®0sition, to which the HBE component is attributed. In such
picture might suggest. Indeed upon molecular chemisorptiof case the XAS &-edge spectra, presented in Fig. 9 will be
at room temperature, where a single bond is formed betweefuch more informative. At a given position of the polariza-
one Si dangling bond and one carbon atom, the chemicdion vectorE [¢6=40°, Fig. 93], the7* and C-H region is
shift is ~ +0.9 eV. It has also been shown recefftihat the ~ particularly affected by the thermal annealing. After the 675
Si 2p shift between bulk silicon and thermally grown 3C- K annealing step, while peak does not change, pea is
SiC—in this zinc-blende structure each Si atom has four Gtrongly reduced with respect ¥,. Measurement at normal
ligands—is a function of the carbide overlayer thickness. Fo@nd grazing incidencénot shown indicate thatX, is still
ultrathin carbide films of about 40 A, for which band bend- polarized in the surface plane aXd in a direction normal to
ing effects and/or charge effects are minimized, the carbid&his plane. The decrease ¥f upon annealing may suggest
is shifted by ~+0.9 eV from the substrate line. Conse- that the in-planer] orbital, because of a molecular rear-
guently, we doubt that the additivity of the chemical shiftsrangement, is passing beldg and is being filled with elec-
(0.48 eV per C ligandproposed by Simonet al.is a valid  trons. A more likely explanation is that the, orbital opens
hypothesis, as the energy distance between bulk silicon armhd that new bonds are formed with C atofpslymeriza-
carbide should be around2 eV, which is not observed. We tion) or Si atoms[The absence of interaction of; with a
rather believe, that the ;Ccomponent corresponds to the flux of Si atoms at 300 K will be shown in Sec. Il LWe
bonding of silicon with different carbon moieties, that is, the note also that dehydrogenation does not occur yet as Yeak
bonding between Si and,D, or C,D, (x<2), or between Si  remains strong. The XAS spectrum takergat40° after the
and atomic carbon. Consequently, any progress in the inte?55 K annealing step is still structured. An angle-dependent
pretation of the Si P core levels needs an examination of study[Fig. Ab)] shows that the peak at285 eV(continuing
the corresponding Cslcore levels of Fig. 7. X,) is still polarized along the normal to the surface plane.
Heating at 675 K already induces changes in the lindHowever, peakxX, has disappeared—there is still a step at
shape of the C 4 spectrum obtained after room-temperaturethe Fermi level—as well as peak The latter point agrees
adsorption. A slight shift of the single component to lowerwith the observation made by Yoshinobtial * that molecu-
BE (by ~—0.25€eV} and a broadening are observed. After lar dehydrogenation begins at 750 K, as a Si-H vibrational
annealings at 755 K and above, all the recorded spectra exaode shows up. The subsequent annealing at 830 K leads to
hibit two distinct components separated by 1-1.3 eV. In Figan unstructured absorption edge presenting no polarization
8(b), we have plotted, as a function of temperature, the ineffects.
tensities of the high binding energiHBE, 284-283.7 eV Using XPS Si »/C 1s and XAS CK-edge data alto-
range and of the low binding energyLBE, 282.7-282.4 gether gives us the possibility of writing a plausible scenario
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FIG. 9. (a) C K-edge spectrad=40°) of a surface previously exposed to 3600 L of acetylene at 300 K and submitted to isochronal
annealinggof 1 mn each (b) C K-edge spectra of the surface after the annealing step at 755 K, taken9@° (E parallel to the surface
plang and 6= 10° (E close to the normal to the surface plane

for the thermal behavior of acetylene on Si(111%-7. (i) 2ps» can be attributed to new silicon surface states that are
T=300 K: the molecule is dir chemisorbed at the sur- filled up by electrons, because of changes in the band struc-
face. (ii) T=675K: a small fraction of the molecules may ture due to C dissolution. (iv) T=830-850 K: Thesp?
desorb. For the remaining molecules the bonding configura:graphitic” carbon is changed into &p® carbon com-
tion of the in-plane molecula# orbital changes. Acetylene pound. H has already desorbed from the surface at 8#0 K,
polymerization can be envisaged: with an increased temperand more atomic carbon penetrate into the silicon surface
ture the motion of the molecules over the surface is facili-planes. The intensity of the silicon surface stateisSthen
tated and the in-planer bond opens to permit molecular maximum. Its spectral weight of 13—14 % would correspond
addition. (iii) T=755 K: the molecular dehydrogenation is to a density of C-induced surface states equal to twice that of
evidenced, the in-plane %" component disappears, while the restatoms. This situation could correspond to the so-
the out-of-plane one is conserved. This may be the hint of @alled C-stabilized Si(111)-21 surface described by
graphitization process, the graphite sheets being parallel tMcPhersoret al° from their LEED and thermal desorption
the surface plane. In the meanwhile, C atoms are liberatestudy of cyclohexene on Si(111)X77: such a surface
and find subsurface dissolution sites, which provokes a ddormed after a desorption cycle ending at 925 K would con-
crease of the total Cslsignal. Nude areas reappear as thetain more dangling bonds than the clean surface, because of
restatom component is seen again. Thee@mponent of Si  its enhanced catalytical reactivity(v) T=955 K: Carbon

1.2x10° LB R L RN R R L Vo) R R I ELRLL LA AL LB B
& L xps ]
D. Sin3/2 ]
g 80000 1= hv=145 eV acetylene predosed
el L - FIG. 10. Solid line: Si P53, spectrum of an
g L . acetylene predosed surfad800 K, 4500 L,
- L — *7SMLofsi iy P acetyiene= 2.5X 10 Torr). Dots: Si g, spec-
g - — trum of the predosed surface after deposition of
2 40000 p p
E N - 7.5 ML of silicon at 300 K.
£ L i
£ L y i

lll"‘—"“—l 'I’IIII[IIIIIIIIII']III ‘Lll'LLILLLL
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after deposition of 2 ML of silicon, taken &=90° (E parallel to
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structure: X; is still strongly polarized in the sample plane
FIG. 11. Top: C & spectrum of the acetylene predosed surface2Nd X; in a direction perpendicular to it. There is no hydro-
after deposition of 21 ML of silicon. Middle: Cslspectrum before  gen abstraction by incoming Si atoms as p&als still vis-
Si deposition. Bottom: comparison of the @ fitting Gaussians of  ible.
the acetylene predosed surface, before exposure to the $bfok Consequently the Cdlintensity decrease has to be as-
line) and after(grey line. cribed to a loss of ¢D,, whose desorption is stimulated by
the Si flux. Once deposited onckeanSi(111)-7x7 surface
atoms dissolve more deeply into the silicon lattice on the on&t 300 K, silicon atoms can break the backbonds of adatoms,
hand, and form carbide precipitates on the other hand. s It Q;is been _proposed by Ich|m|_ya, Na_kahara, and
pure carbon compounthongraphiti¢ remains on the sur- anaka,” or can sit over a restatom site, as indicated by
. : . STM topographic image®. The disarrangement of both ada-
face. These observations are in excellent accord with our

: L toms and restatoms which bond to new incoming Si atoms,
22&;\&(');1§edat%§ on the carbonization of §101) at 1090 K by could indeed favor some, D, desorption. Under an Si flux,

the in-planew bond of the molecule does not open to form
Si-C bonds: the molecule manages to reform continuously a
di-o bonding configuration with surface silicon atorfisat-

ing over the growing Si layer, with its C-C axis parallel to
the sample surface.

The Si 205, spectra of an acetylene predosed Si(111)-7
X7 surface(4500 L) exposed also to a silicon flux do not
change appreciably, at least up to 2 ML of deposited Si. For
larger Si deposit$7.5 ML, Fig. 10, one observes a broad-  The present paper discusses core-electron/valence-band
ening of the spectrum at BE's lower than the bulk line, butphotoemission spectra and absorption-edge spectra of acety-
not at higher BE'’s, which would have indicated the forma-lene chemisorbed on Si(111)X77. Such spectra contain a
tion of a silicon-carbon compound. The absence of formatiorwealth of information on this adsorbate/substrate system,
of silicon-carbon compounds is confirmed by the £€spec-  which has been until now studied essentially by vibrational
tra, which do not change in shape or position for increasingpectroscopies or topographic tunneling microscopy.
deposited amounts: the spectrum given in Fig.(dlitained Upon adsorption at 300 K, the Sip2core-level and
after the deposition of 21 ML of silicgrexhibits no state at valence-band spectra show that the electron occupancy of
~282.5 eV characteristicfa C atom having four Si neigh- both adatoms and restatoms is modified. The litie is
bors(see Sec. Il B. On the other hand, the absolute inten- fitted with a single component, which is indicative of a single
sity of the C s signal decreases with increasing deposited Sbonding site. The alignment of the C-C molecular axis by the
amounts at a rate of 3% per 1 ML of deposited silicon. Thechemisorption bond leads to strong polarization dependence
XAS C K-edge spectra confirm that the electronic structureof the CK-edge spectra. This dependence is discussed within
of the molecule is not much affected by Si deposition. Typi-simple, but illustrative, molecular orbital schemes at hand.
cal spectra at glancing and normal incidence are given in Figrhe orientation of the C-C molecular axis is then determined
12. They correspond to a Si deposition of 2 ML, but spectrao be nearly parallel to the surface plane. The precise mea-
taken after longer exposures to Si flux are simfiafhe 7* surement of a tilt angle, which would give evidence for a
part of the absorption spectrum still exhibits a two-peakedi-o bridge between close neighbor adatoms and restatoms

C. Room-temperature deposition of silicon atoms
on C,D, precovered S{111)-7x 7

IV. CONCLUSIVE REMARKS



57 ELECTRONIC STRUCTURE OF ACETYLENEDN. .. 6747

appears to be out of reach, because of a possible “rotationdistance around 4.5)AThen this may significate that a se-
of the “7* " molecular orbitals. vere rearrangement of the surface Si adatoms occurs on the
The stability of the molecule and the correlative modifi- 7x 7 surface. This is indeed suggested by the LEED pat-
cation of silicon chemical environment is studied by per-terns, although, according to Yoshinokual,? the STM im-
forming thermal annealings of an acetylene-saturated suizges do not show a significant displacement of the adatoms.
face. With increasing temperature, we find hints that the=or our part, we agree with McPherson and co-worKers
molecule first polymerize, then forms a graphitelike com-ywhen they state that STM is capable of resolving the basic
pound after dehydrogenation, and finally produces a nongrgeatures of the DAS structur@hat is the corner holes and
phitic pure carbon compound. In parallel, atomic carbon isgimer wallg, but cannot be used to rule out a possible re-
released and penetrates into the substrate inducing the fagpnstruction within the unit cellThus one has to envisage
mation of silicon-carbon compounds and new silicon surfacgnhe possibility of a displacement of the adatom toward the
states. Evidences for SiC precipitates are found only at 95fsstatom, or even that of a bridge site formed by a restatom
K. There is a narrow temperature winda®50-850 K in  and a “pedestal” aton{see Fig. 1, the Si-Si distance would
which nonstoichiometric $1,Cx compounds are likely to be pe reduced to 3.8 A, but one of the Si atoms would be hy-
formed. The molecule remains chemically stable at 300 K imervalent. Unfortunately we lack calculations of the absorp-
the presence of an external Si source, floating over the growign geometries of acetylene on the “real’x77 surface, or
ing Si layer with no appreciable changes in its electronicon 3 realistic simplification of this reconstruction, although

structure. In particular the &-edge spectra exhibit the same thjs has been already done with success for the adsorption of
polarization dependence of the two" peaks before and o, 44

after Si deposition.

Is the distance between radicals to which the molecule is
di-o bonded, a parameter determining the conformation of
the molecule, i.e., its hybridization? If the interpretation of
the HREELS data of Refs. 1 and 4 is correct, apparently the We are indebted to Professor M. Tronc for discussions
C-C distance would be the same on Si(00¥-R (Si-Si  and comments. Some of this work was supported by the
distance between 2.3 and 3.8 And Si(111)-% 7 (Si-Si  Brazilian CNPqg and the French CNRS-GDR86.
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